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Edited by Peter BrzezinskiAbstract We report that Triton X-100 can alter the temporal
sequence of the light-induced proton uptake and release of
archaerhodopsin 4 (AR4), a proton pumping protein in a species
of Halobacteria from a Tibetan salt lake. Under physiological
conditions, AR4 isolated from the bacterium exhibits a reversed
temporal order of proton release and uptake compared to what is
observed for bacteriorhodopsin (BR). However, in the presence
of Triton X-100 early proton release was observed in AR4 at
neutral pH by us. Further, this temporal order for light-driven
proton release and uptake for AR4 was found to be recovered
after the removal of Triton X-100 by Biobeads. This phenome-
non of detergent-induced alteration of the order of proton release
and uptake has not yet been reported in any other retinal-con-
taining membrane protein such as BR. Our ﬁndings indicate that
the function of AR4 is inﬂuenced by its self-assembled state, and
meanwhile imply some subtle protein–lipid interactions or pro-
tein–protein interactions in adjusting the proton pumping behav-
ior of AR4.
 2006 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
Keywords: Archaerhodopsin; Bacteriorhodopsin; Light-driven
proton pump; Triton X-100; Self-assembly; Protein–lipid
interaction1. Introduction
Retinal-containing membrane proteins including bacterio-
rhodopsin (BR) [1], archaerhodopsin (AR) [2,3], cruxhalorho-
dopsin (CR) [4], halorhodopsin (HR) [5], sensory rhodopsin
(SR) [6,7], xanthorhodopsin (XR) [8,9] and so on [10], consti-
tute a very important group of seven transmembrane a helical
pigments. Among retinal proteins in halobacteria, BR has been
investigated extensively (for reviews, e.g. [11–15]) and often
used as a model for membrane and energy transducing proteins
[16–18], but researches in AR are relatively rather limited.
This letter is focused upon archaerhodopsin 4 (AR4) isolated
from the H. sp. xz515 originally found in Tibet [19]. Its amino
acid sequence is similar to AR1, AR2 and AR3 isolated from
H. sp. aus-1, H. sp. aus-2 and H. Sodomense, respectivelyAbbreviations: BR, bacteriorhodopsin; AR, archaerhodopsin; pyra-
nine, 8-hydroxy1,3,6-pyrenetrissulfonate
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doi:10.1016/j.febslet.2006.11.035[20,21], and so this species can be considered as a fourth me-
mber of Halorubrum, and the isolated membrane protein con-
taining retinal was thus named AR4 by us [22].
Like BR, AR4 functions as a light driven proton pump. It is
well known that excitation of BR with a photon initiates a
photocycle with a series of photointermediates each having a
characteristic absorption spectrum [14]. Light excitation results
in a fast proton release from the extracellular side of the purple
membrane and a subsequent slower proton uptake from the
cytoplasmic side. Although AR4 seems to have a similar photo-
cycle to that of BR with the same set of intermediates, it diﬀers
from BR in that under physiological conditions the temporal
order of light-induced proton release and uptake in the photo-
cycle is reversed [19]. The amino acid sequence of AR4 has been
determined [23] and all key amino acid residues implicated in
proton pumping are conserved. AR4 is also arranged in a
two-dimensional hexagonal lattice of ‘‘trimers’’ as BR [24],
and it is the only protein embedded in the claret-colored mem-
brane patch in the plasma membrane of H. sp. xz515 [19,24].
Both of these properties are very similar to BR in the purple
membrane patch in the plasma membrane of Halobacterium
salanarum. As the real ‘‘trimer’’, independent of its existence
in the two-dimensional crystal of the membrane patches, has
never been isolated for either BR or AR, we propose using
the term ‘‘assembly’’ for this complex.
In this letter, we investigated the claret-colored membrane
after treatment with the detergent Triton X-100. Surprisingly,
we found that the light-induced order of proton release and
uptake was altered. Such a change is not seen in BR. Some
eﬀects of Triton on AR4 have been examined further, and this
temporal order of light-driven proton release and uptake was
even recovered after removal of Triton X-100. It is known that
the time order of BR could be altered by suﬃciently low med-
ium pH [25] or by appropriate point mutations [26]. However,
the signiﬁcant adjustment eﬀect of detergent on the time order
of an ion pump found in this letter has, to our knowledge, not
been reported in the literature.2. Materials and methods
Bacteria culture and membrane isolation followed the standard pro-
cedures for BR [27]. The BR purple membrane was isolated from
R1M1, a Halobacterium strain. The detailed process of H. sp. xz515
culture and the isolation of the claret-colored membrane was reported
earlier [19].
An AR4 or BR suspension was mixed with a 10% (w/w) solution of
Triton X-100 (Beijing Dingguo Biotechnic Co.). The ﬁnal Triton X-100ation of European Biochemical Societies.
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sample was 3 mL. The medium pH was adjusted to 7.0. After sonicat-
ing for 30 s in an ultrasonic bath with the power 90 w, samples were
kept for 48 h in the dark at room temperature before measurement.
In order to isolate AR4 monomers after Triton treatment, centrifu-
gation of 50000 · g was performed at 4 C on a Shanghai Zhizheng
GL21R supercentrifuge.
The visible absorption spectra were measured on a SHIMADZU
UV-3150 spectrophotometer. The CD spectra were measured on a
JASCO J-715 spectropolarimeter.
The ﬂash-induced proton release and uptake was detected by the
absorption change of a pH-sensitive dye, 8-hydroxy1,3,6-pyrenetris-
sulfonate called pyranine, at 456 nm. The signal without pyranine
was subtracted from that with pyranine. The ﬂash-induced absorption
changes were measured in a kinetic spectrophotometer, which was con-
structed in our lab [28]. All measurements in these experiments were
performed at room temperature.
Biobeads SM-2 adsorbents are from Bio-Rad Labs. We added 1 g of
Biobeads into 6 mL of AR4/Triton X-100 solution followed by gently
stirring for 2 h to adsorb the detergent. After the removal of Biobeads,
samples were centrifuged down by 50000 · g for 1 h for further mea-
surements.3. Results
3.1. Eﬀect of Triton X-100 on the light-induced proton release/
uptake behavior of BR & AR4 at neutral pH
As shown in the case of ‘‘no Triton’’ in Fig. 1, the proton
pumping behaviors (at the neutral pH) of BR in purple mem-
brane and AR4 in the claret-colored membrane are strikingly-10 0 10 20 30 40 50
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Fig. 1. (A) Light-induced proton uptake and release of AR4 before
and after the addition of Triton X-100 with the indicated weight
concentrations. (B) Proton pumping behavior of BR before and after
the addition of 1% Triton X-100 (the absorption changes were
normalized to 1). Samples were kept for 48 h in the dark before
measurement. The pH sensitive dye pyranine was used to detect the
change of medium pH. For all of the measurements, samples were
suspended in 100 mM NaCl/20 mM KCl at pH 7.0.diﬀerent. An increase in the absorbance of pyranine at
456 nm comes from alkalization of medium and thus reﬂects
proton uptake of the suspended proteins, while a decrease in
absorbance is due to proton release into the medium. In
AR4, proton uptake proceeds proton release, which is totally
reversed compared to that in BR as reported previously [19],
and this temporal order is the same as AR1 but opposite to
AR2 [29]. This temporal sequence was not altered upon
increasing the salt concentration to 1 M. The pyranine signal
was eliminated in the presence of Tris–HCl buﬀer (10 mM,
pH 7.1). So, the signals in Fig. 1 did reﬂect proton eﬀects.
Triton X-100, a nonionic detergent, can solubilize integral
membrane proteins eﬀectively. Fig. 1A shows the light-driven
proton uptake/release behaviors of AR4 in the presence of Tri-
ton X-100. As the concentration of Triton X-100 increased,
partial early proton release was observed and enhanced grad-
ually. In the presence of 0.1% Triton X-100 and above, the
temporal order of proton release and uptake is reversed
compared to that without any Triton X-100. For BR, some
properties of the photocycle and spectra are aﬀected by Triton
X-100 [30–32], but it has never been observed that the order of
proton release and uptake would be changed. Our control
experiments of BR (Fig. 1B) also conﬁrmed that.3.2. Dependence of the CD spectrum and visible absorption
spectrum of AR4 on Triton X-100
The CD spectrum of AR4 in the visible region is diﬀerent
from that of BR. As reported for the CD spectrum of BR
[33], there is a maximum ellipticity near 545 nm and a minimum
ellipticity near 610 nm. AR4 in the claret-colored membrane
exhibits two positive peaks at 519 and 551 nm and two small
negative peaks at 468 and 495 nm in its visible CD spectrum
(Fig. 2A, ‘‘no Triton’’), which is quite similar to that of AR2 [2].
For either BR or AR4, the addition of Triton X-100 leads to
a decrease of the peak values of the CD signal. This signal has
been used as a probe to measure the extent of BR monomer
formation during solubilization in Triton X-100 [30,31]. Lik-
ewise, the visible CD spectrum after detergent treatment might
be employed to detect the dissociation of AR4 assembly.
After incubation of the membrane with various concentra-
tions of Triton (see Methods) we tried to pellet the claret-col-
ored membrane patches by centrifugation and then resuspend
the pellet to measure their absorption spectra again. The
amounts of pigment found in the pellets with increasing Triton
concentration are shown in Fig. 2B, and the fraction of AR4
assembly was evidently found to be reduced with increasing
Triton X-100 concentration. We also measured the strength
of the CD signal of the mixture before centrifugation
(Fig. 2A). The reduced CD amplitude in the visible region in
the mixture coincides, as shown in Fig. 2B, with the dissocia-
tion of intact membrane patches quantiﬁed directly by the
fraction data determined from the absorbance after separating
AR4 assemblies and monomers. Thus, the visible CD spectra
of the mixture can be straightforwardly employed to detect
the dissociation of AR4 assembly.3.3. The temporal order of proton release and uptake is reversed
in the AR4 monomer compared to that in AR4 assembly
The addition of Triton not only led to formation of AR4
monomers, but also altered the proton pumping behavior of
AR4 signiﬁcantly (Fig. 1A). Considering again the decrease
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Fig. 2. (A) Triton X-100 dependence of CD spectra. (B) Fraction of
AR4 assembly measured from visible CD and absorption spectra. As
the fraction data from CD is concerned, the mixtures of AR4
assemblies and monomers after Triton treatment were measured
directly. The fractions are simply from the ratios of the signal intensity
of the visible CD spectra in A over that associated with ‘‘no Triton’’ at
the indicated wavelength. As the fraction data from absorption is
concerned, we ﬁrst separated AR4 assemblies and monomers, and then
performed measurements (the visible absorption spectra not shown).
The fractions from absorption measurements were from the content of
AR4 assembly centrifuged down after the addition of Triton X-100.
All of samples were measured in 100 mM NaCl/20 mM KCl at pH 7.0.
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shown in Fig. 2A and B, we assume reasonably that these
changes in Fig. 1A are caused by the dissociation of AR4
assembly. To test this, we centrifuged (at 50000 · g for 1 h)-10 0 10 20 30 40 50
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Fig. 3. Proton pumping behaviors of the sediment (1), the supernate
(2), and AR4 samples before centrifugation (3) with 0.1% Triton
X-100. The sediment referring to AR4 assembly, and the supernate
referring to AR4 monomer were obtained separately after centrifuge of
samples (3) at 50000 · g for 1 h. Samples were all measured in 3 mL of
100 mM NaCl/20 mM KCl, pH 7.0.the AR4 samples after treating with diﬀerent concentrations
of Triton X-100. Nearly all the intact AR4 membranes should
be sedimentated, and it is also a step in the isolation of AR4
proteins. Then we measured proton pumping behaviors of
the sediment and supernatant, and compared them with that
of samples before centrifugation. Proton uptake preceded pro-
ton release in all of the sediments (AR4 assembly in the form
of claret-colored membrane) as in claret-colored membrane
without any detergent treatment, but the time order was totally
reversed in the supernate containing AR4 monomers. The sig-
nal of a sample before centrifugation was found to be simply
an algebraic addition of those of the one associated with the
pellet and the supernate at the underlying concentration of
Triton X-100, with a typical case shown in Fig. 3. So, the pro-
ton pumping behaviors in Fig. 1 came from the integration of
the two components in the suspension.
3.4. The temporal order of proton release and uptake of AR4 in
Triton X-100 recovers after treatment of Biobeads
A nearly complete removal of Triton X-100 from solubilized
BR can be achieved by absorption to Biobeads SM-2 [34]. A
similar treatment was made by us to adsorb Triton X-100 from
solubilized AR4. AR4 samples were centrifuged down at
50000 · g after the removal of Triton X-100 because of their
re-aggregation. Further, their CD spectra and the temporal
order of proton release and uptake were found to be recovered
as seen in Fig. 4, supporting again that the temporal order of
proton release and uptake is inﬂuenced by the self-assembled
state of AR4.400 500 600 700
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Fig. 4. (A) CD spectra and (B) proton pumping behaviors detected by
pyranine experiments. The samples of AR4 were treated in 2% Triton
X-100 (1), and then Biobeads were added to adsorb the Triton X-100
(2). Samples were measured in 100 mM NaCl/20 mM KCl, pH 7.0.
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In our preceding study [22], we proposed a model of weak-
ened coupling between the protonation of Asp85 and the
deprotonation of proton release complex (PRC) to account
for the lack of early proton release of AR4 in a sample of clar-
et-colored membranes at neutral pH. The present letter reports
the signiﬁcant Triton eﬀect of AR4. Addition of Triton X-100
would destroy the two-dimensional hexagonal lattice of tri-
mers and lead to the formation of monomer micelles. The co-
upling strength seemed to be recovered or the initial pKa of
PRC decreased in AR4 monomers, or some unknown kinetic
barrier of proton release controlled by lipids or carotenoids
was removed by Triton X-100, for the early proton release
was well observed at neutral pH.
The visible CD implies that the assembly structure of AR4 in
the claret-colored membrane might be diﬀerent from that of
BR in the purple membrane. So, the lack of fast proton release
in AR4 assembly at neutral pH might be beyond the diﬀerence
of a few key amino acid residues between AR4 and BR, but
also related to the supermolecular structures in the form of
membrane patches. The structural diﬀerence might come from
the presence of colored carotenoids as well as other lipids. The
carotenoid is a component in the claret-colored membrane
containing AR4, whereas it is known that the purple mem-
brane of BR does not contain carotenoids [35]. As suggested
by Mukohata et al. on the basis of the visible CD spectrum
of AR2, AR molecules would interact negligibly with other
AR molecules but rather strongly with neighboring carote-
noids [2]. So, it is an interesting but open question about the
molecular mechanism how carotenoids interact with AR4. It
would inﬂuence the lipid–protein interaction and the protein
folding process on membrane, that might, in turn, cause some
functional change of proton pump of the natural AR4. As was
pointed out, lipids play an important role in stabilizing the
membrane protein and controlling the conformational ﬂexibil-
ity and photocycle activity of BR [36–40], and even are directly
involved in the energy-producing ion conductance pathway
[41]; selective interactions with certain lipid molecules are
essential for their lattice assembly in the biogenesis [42]. So,
the diﬀerent assembly behaviors of BR and AR4 in the diﬀer-
ent lipid environments might account for their diﬀerent behav-
iors of the proton pumps.
In conclusion, the spectral and functional properties of AR4
were found to be inﬂuenced signiﬁcantly by Triton X-100
treatment. Just like BR, visible CD spectrum of AR4 was con-
ﬁrmed to be available to measure the formation of AR4 mono-
mers. Most importantly, without any protein mutation, the
temporal order of proton release and uptake of AR4 can be
altered in the presence of Triton X-100 at neutral pH, and it
can further be recovered after removing Triton X-100 by Bio-
beads, implying that the proton pumping behavior of AR4 is
determined by its special lipid–protein or protein–protein
interactions. As an extension of this letter, our ﬁndings might
trigger the underlying mechanism studies and also the exami-
nation of detergent eﬀects on other retinal proteins besides
BR and AR4.
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